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To  improve  the  efficiency  of  the  diffusivity  measurement  in  solid  oxide  fuel  cells  (SOFCs),  a  bi-sensor 
electrochemical  cell  is  proposed  and  analyzed.  The  cell  consists  of  an  oxygen  pump  and  two  oxygen 
sensors.  This  bi-sensor  cell  doubles  the  efficiency  of  binary  diffusivity  measurements  in  both  porous 
anodes  and  cathodes  in  SOFCs.  The  design  provides  an  efficient  platform  to  estimate  the  electrode  limiting 
current  density  (LCD)  and  concentration  polarization  (CP)  in  SOFCs.  Mechanism  of  measuring  the  CP  with 
different  electrode  configurations  was  discussed  in  depth.  The  design  was  verified  by  studying  the  effect 
of  electrode  thickness  on  the  CPs  at  different  operating  temperatures. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  characterized  by  their  high 
efficiency,  low  pollution  emission,  fuel  flexibility  and  scalable 
modularity  [1-9].  In  an  electrode-supported  SOFC,  the  maximum 
current  density  (CD)  is  largely  limited  by  the  contribution  of  con¬ 
centration  polarization  (CP)  at  the  electrode  (anode  or  cathode) 
because  the  thick  electrode  impedes  the  transport  of  both  reac¬ 
tant  and  resultant  gases  [5,1 0-14].  The  transport  of  the  gas  through 
the  electrode  is  mainly  accomplished  by  diffusion.  At  a  given  CD, 
the  concentration  polarization  of  an  electrode  in  a  SOFC  is  a  func¬ 
tion  of  the  diffusivity  of  the  reactant  gas,  the  partial  pressure  of 
the  gas,  the  thickness  of  the  electrode,  and  the  operation  temper¬ 
ature  [15].  The  diffusivity  of  the  gas  correlates  with  the  properties 
of  the  electrode,  such  as  porosity,  pore  size,  and  tortuosity.  Thus, 
it  is  important  to  measure  the  effective  diffusivity  of  the  anode  or 
cathode  gas  under  the  operating  conditions  to  evaluate  the  perfor¬ 
mance  of  SOFCs  [16-18].  Diffusivities  and  CPs  of  SOFC  electrodes 
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were  previously  fitted  based  on  multiple  voltage-current  measure¬ 
ments  on  the  cells.  But  the  validity  has  remained  in  debate  because 
the  fitted  diffusivities  and  CPs  only  provide  indirect  information  on 
the  electrodes  that  are  assembled  into  SOFCs  in  the  measurements 
[13,19].  Under  the  operating  conditions,  the  effective  diffusivity 
of  02  and  N2  in  porous  LSM  discs  has  been  measured  through  an 
electrochemical  cell  with  an  oxygen  sensor  in  an  out-of-cell  fash¬ 
ion  [18].  The  H2-H20  effective  binary  diffusivity  measurements  in 
porous  Ni  and  yittria-stabilized  zirconia  (YSZ)  cermet  anode  using  a 
similar  electrochemical  cell  between  650  and  800  °C  were  reported 
recently  [16].  Although  the  two  electrochemical  cells  provide  prac¬ 
tical  out-of-cell  diffusivity  measurements  on  electrodes  in  SOFCs, 
both  cells  only  have  one  oxygen  sensor  at  one  side  of  the  oxygen 
pump,  leaving  the  other  side  unutilized. 

In  this  paper,  we  proposed  and  analyzed  an  electrochemical  cell 
with  two  oxygen  sensors,  which  allows  two  anodes  or  cathodes  to 
be  measured  simultaneously  and,  thus,  doubles  the  efficiency  of 
gas-diffusivity  measurements  in  SOFCs.  CPs  as  a  function  of  elec¬ 
trode  thickness  were  evaluated  for  both  anodes  and  cathodes.  We 
found  that  the  temperature-dependence  of  concentration  polariza¬ 
tion  varies  as  a  function  of  the  thickness  of  anodes  and  cathodes, 
which,  in  principle,  is  helpful  for  rational  design  of  SOFC  to  achieve 
high  performance. 
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Fig.  1.  A  schematic  of  the  bi-sensor  electrochemical  cell  for  the  measurement  of  the 
effective  binary  diffusivity  in  porous  anodes  in  SOFCs.  The  directions  of  H2  flow  and 
current  provided  by  the  02  pump  are  demarcated  by  arrows. 


2.  Bi-sensor  electrochemical  cell 

The  bi-sensor  electrochemical  cell  as  proposed  is  shown  in  Fig.  1 . 
It  consists  of  two  dense  YSZ  tubes  with  dimensions  similar  to  those 
as  previously  reported,  which  are  connected  by  a  dense  YSZ  disc 
with  glass  seal  [16,18].  The  inside  and  outside  walls  of  each  tube 
are  installed  with  an  oxygen  sensor  which  consists  of  Ni-YSZ  elec¬ 
trodes,  Ni  meshes  and  Ni  wires,  and  a  voltage  meter.  An  oxygen 
pump  is  installed  on  both  sides  of  the  dense  YSZ  disc  with  a  current 
power  supply.  The  tested  samples  are  attached  to  the  two  ends 
of  YSZ  tubes.  The  bi-sensor  design  allows  the  measurements  on 
oxygen  partial  pressures  in  each  tube  simultaneously  and  indepen¬ 
dently.  The  tested  samples  can  both  be  two  anodes  or  cathodes. 
The  electrochemical  cell  can  be  placed  in  a  tube  furnace  and  mea¬ 
surements  can  be  carried  out  to  measure  the  gas  diffusivities  in 
two  anodes  or  two  cathodes.  In  the  case  of  measuring  two  anodes, 
the  measurements  can  be  performed  above  500 °C  with  H2-H20 
(97%  H2)  mixture  gas.  If  the  tested  samples  are  both  cathodes,  the 
measurements  can  be  conducted  with  02-N2  (air). 


3.  Theoretical  analysis 


Fig.  2.  Schematics  of  porous  Ni-YSZ  anode  sample  and  LSM  cathode  sample,  along 
partial  pressures  of  reactant  gases. 


partial  pressure  of  H2  in  tube  1  increases  and  that  of  H20  decreases. 
As  shown  in  Fig.  2,  the  two  pressure  gradients  across  the  pump 
induce  FI2  and  H20  fluxes  out  of  and  into  tube  2  through  the  porous 
Ni-YSZ  anode  sample  on  tube  2.  In  the  meantime,  H2  and  H20  fluxes 
are  generated  through  the  other  Ni-YSZ  sample  on  tube  1  in  the 
opposite  directions.  When  the  system  reaches  a  steady  state,  H2 
and  H20  fluxes  out  of  and  into  tube  2  are  related  to  the  current 
density  (i)  provided  by  the  02  pump  through  Eq.  (1),  where  F  is 
the  Faraday  constant.  Since  the  flux  of  FI2  and  that  of  H20  are  in  the 
opposite  directions  through  one-dimensional  diffusion,  they  can  be 
expressed  in  Eqs.  (2)  and  (3),  where  is  the 
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effective  binary  diffusivity  of  FI2  and  H20,  T  is  the  temperature,  R 
is  the  gas  constant,  pH2  and  pH2o  are  FI2  and  FI20  partial  pressures, 
respectively.  Integration  over  the  partial  pressures  Ph2  and  pH2o 
across  the  tested  sample  leads  to  Eqs.  (4)  and  (5),  where  la  is  the 
thickness  of  the 
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The  bi-sensor  design  exhibits  versatility  on  testing  different 
types  of  electrodes.  The  theory  on  measuring  CPs  for  both  anodes 
and  cathodes  will  be  derived  and  discussed. 

In  a  scenario  where  two  porous  anode  samples  are  tested,  such 
as  Ni-YSZ  discs,  as  02  is  pumped  from  YSZ  tube  1  to  YSZ  tube  2,  the 
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sample,  p^  and  p ^  are  the  partial  pressures  of  FI2,  and  p^0  and 
pj^o  are  the  partial  pressures  of  FI20  in  and  out  of  tube  2. 
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The  O2  pressure  in  tube  2  is  determined  from  the  Nernst  poten¬ 
tial  read  from  the  02  sensor  on  tube  2  through  Eq.  (6),  where 

and  p°Q  are  02  partial  pressures  in  and  out  of  tube  2.  can  be  cal¬ 
culated  using  Eqs.  (6)-(8),  where,  I<eq  is  equilibrium  constant.  With 
the  value  of  P^*  Ph2  and  P^2q  can  be  obtained  using  through  Eqs. 
(7)  and  (8).  Therefore,  Nernst  potentials  given  by  the  oxygen  sensor 
directly  produces  linear  plot  of  pH2  vs-  la  and  the  slope  of  the  plot 
enables  one  to  calculate  H  Q.  ^^-h2o  °f sample  on  tube  1 
can  be  measured  by  the  routine  as  recently  reported  [16]. 
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In  the  case  of  two  cathode  samples,  calculations  based  on  Nernst 
potentials  of  both  sensors  will  lead  to  the  measured  values  of 
D^_q2  using  Eq.  (9),  where  p°2  and  pQ  are  the  02  pressures  in 
tube  2  before  the  cell  is  powered  and  when  the  equilibrium  of 
gas  pressures  is  reached  during  the  measurements,  respectively.  To 
measure  the  binary  diffusivity  of  porous  cathode  samples,  cathode 
gas  (02  +  N2)  is  needed,  and  cathode  materials,  such  as  platinum 
paste,  should  be  used  to  make  the  02  sensor  and  the  02  pump  [18]. 


4.  Discussion 


From  the  above  analysis,  it  is  found  that  the  efficiency  of 
binary  effective  diffusivity  measurements  is  doubled  using  the  as- 
designed  bi-sensor  electrochemical  cell,  and  the  practical  goal  is  to 
apply  the  device  to  quantitatively  evaluate  the  LCD  and  CP  of  elec¬ 
trodes  for  application  consideration.  For  CP  induced  by  slow  mass 
transport  of  gas-phase  reactants,  it  is  related  to  LCD  by  Eq.  (10) 
for  anode  and  Eq.  (1 1 )  for  cathode,  where  ias  and  ics,  the  anode  and 
cathode  limiting  current  density,  are  approximated  by  Eqs.  (12)  and 
(13),  respectively  [17,20]. 

Thin  films  have  been  actively  studied  recently  for  various  appli¬ 
cations.  Nanostructured  thin  electrodes  are  favored  in  batteries 
and  fuel  cells  for  their  advantages  over  traditional  bulk  electrodes, 
such  as  high  power  efficiency,  long  lifetime  and  high  portability 
[3,4,21-25].  Another  favored  direction  could  be  using  hetero¬ 
nanostructures  as  electrodes  where  a  high  porous  Si  substrate  is 
used  to  support  the  SOFCs.  The  potential  advantages  for  this  direc¬ 
tion  open  up  practical  applicability  of  these  thin  film  SOFCs.  Similar 
to  bulk  SOFCs,  it  is  necessary  to  evaluate  the 
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performance  of  these  nanostructured  electrodes  before  their 
assembly  and  operation.  The  bi-sensor  device  is  an  effective  tool  to 


Anode  Thickness  (mm) 

Fig.  3.  (a)  Concentration  polarization  as  a  function  of  anode  thickness  at  different 
temperatures  with  a  current  density  of  0.5  A  cm-2,  (b)  Enlarged  plots  of  concentra¬ 
tion  polarization  as  a  function  of  anode  thickness. 


evaluate  the  performance  of  SOFCs  with  thin  electrodes.  To  demon¬ 
strate  the  correlation  between  CP  and  electrode  thickness,  CP  vs.  la 
is  plotted,  as  shown  in  Fig.  3(a).  For  the  plots,  the  total  pressure  pt  is 
fixed  at  1  atm  at  different  temperatures  and  the  values  of  De^_H^Q 
at  different  temperatures  are  taken  from  previous  report,  assum¬ 
ing  that  the  tortuosity  and  porosity  of  the  tested  anode  sample  is 
independent  on  la  [16]. 

A  similar  plot  for  cathode  measurement  is  shown  in  Fig.  4(a). 
For  anode  samples,  the  CPs  increases  rapidly  below  the  thickness 
of  10  mm.  Above  60  mm,  the  slope  keeps  increasing  up  to  infin¬ 
ity.  Between  the  two  values,  the  CPs  increase  at  a  relatively  small 
slope  of  approximately  2.0  mV  mm-1.  The  increase  of  CPs  is  less 
sensitive  to  the  thickness  from  10  to  60  m,  and,  thus,  increasing 
the  thickness  of  anodes  is  advised  when  the  improvement  in  the 
mechanical  strength  and  lifetime  of  SOFCs  is  desirable.  Another 
interesting  feature  of  the  plots  is  that  a  greater  diffusivity  does  not 
necessarily  lower  CPs.  Larger  CPs  were  observed  at  higher  temper¬ 
atures  for  anode  thickness  between  10  mm  and  60  mm,  e.g.  CP  loss 
at  800  °C  is  the  largest,  which  is  contradictory  to  what  is  found  in 
Ref.  [12]  where  the  anode  thickness  is  out  of  the  range  from  0.01  m 
to  0.06  m.  The  result  is  due  to  the  opposite  contributions  of  diffu¬ 
sivity  and  T  to  CPs,  as  shown  in  Eq.  (12)  where  diffusivity  is  in  the 
numerator  while  T  is  in  the  denominator.  The  order  of  the  CP  values 
for  different  temperatures  changes  as  the  thickness  of  the  anode 
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Fig.  4.  (a)  Concentration  polarization  as  a  function  of  cathode  thickness  at  different 
temperatures  with  a  current  density  of  0.5  A  cm-2,  (b)  Enlarged  plots  of  concentra¬ 
tion  polarization  as  a  function  of  cathode  thickness. 

increases.  The  phenomenon  suggests  that  it  is  not  always  favor¬ 
able  to  monotonously  increase  operation  temperature  for  a  SOFC 
to  achieve  low  CP  loss;  an  appropriate  thickness  of  anodes  has  to 
be  chosen  when  determining  the  best  working  temperature  for  a 
SOFC.  Therefore,  with  the  H  0  an^  dn{-o2  measured  using  the 
proposed  bi-sensor  cell,  the  results  will  provide  practical  guidance 
for  one  to  choose  the  most  efficient  thickness  of  anodes  as  well  as 
the  operation  temperature  of  a  SOFC. 

Compared  to  anodes,  the  plots  of  CPs  vs.  lc  for  cathodes  are 
more  simplified.  As  shown  in  Fig.  4(a),  the  order  of  CP  values  for 
the  four  temperatures  only  varies  once  at  8  mm,  below  which  the 
CP  for  800  °C  is  the  largest  among  the  four  Ts  at  a  fixed  thickness. 
Besides,  CPs  increase  more  rapidly  as  the  thickness  of  cathodes 
increases,  with  almost  vertical  slopes  above  a  value  of  8  mm,  which 
is  almost  one  order  of  magnitude  smaller  than  the  critical  thickness 
of  anodes.  The  results  indicate  that  it  is  practical  to  increase  the 
thickness  of  cathodes  below  its  critical  thickness  to  improve  the 
lifetime  and  scalability  of  a  cathode-supported  SOFC. 

Enlarged  plots  of  CPs  vs.  la  and  CPs  vs.  lc  are  shown  in 
Figs.  3(b)  and  4(b),  respectively.  Throughout  the  range  of  thick¬ 
nesses  from  0  to  1  mm,  with  the  thickness  of  a  cathode  sample  fixed, 
CP  increases  with  the  increase  of  Tas  T increases  from  650  to  800  °C. 
Flowever,  within  this  range,  with  the  thickness  of  an  anode  fixed,  CP 
does  not  show  a  monotonic  increasing  or  decreasing  dependence 
on  T;  the  CP  at  700  °C  is  the  largest  among  the  four  temperatures, 
followed  by  those  at  800,  650  and  700  °C,  respectively.  Since  the 
thickness  of  an  electrode  is  generally  within  the  range  of  0-1  mm, 


the  enlarged  plots  in  this  range  enables  one  to  evaluate  an  electrode 
thickness  once  a  working  temperature  is  chosen  [16,18]. 

5.  Conclusion 


In  summary,  quantitative  analysis  shows  the  efficiency  of  effec¬ 
tive  binary  diffusivity  measurements  on  porous  anodes  or  cathodes 
is  doubled  by  using  a  bi-sensor  electrochemical  cell  with  an  oxygen 
pump  across  two  YSZ  tubes.  The  design  provides  the  opportunity 
to  directly  and  effectively  measure  the  binary  diffusivities  of  two 
anodes  or  two  cathodes  in  an  out-of-cell  fashion  without  switching 
the  electrodes  out  of  the  furnace  between  measurements.  The  facile 
measurement  using  the  design  allows  one  to  do  thickness  depen¬ 
dent  study  on  CPs,  as  well  as  the  temperature  and  current  density 
dependent  evaluations.  The  temperature-dependence  of  concen¬ 
tration  polarization  varies  as  a  function  of  the  thickness  of  anodes 
and  cathodes.  The  critical  thicknesses,  above  which  CPs  go  straight 
up,  as  well  as  the  crossing  features  of  CP  vs.  I  curves  for  different 
temperatures  enable  one  to  design  and  fabricate  low-CP  and  long¬ 
lifetime  SOFCs  with  pre-evaluated  electrode  thicknesses  at  working 
conditions. 
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